during exploration and analysis of returned samples provide a basic framework of data on volcanic processes at several selected points on the moon. Photographs, images, and remotely sensed data obtained at other wavelengths are utilized to extend this understanding so that lunar volcanism can be assessed from a planet-wide point of view and its role in the history of the moon documented. The emphasis of this review is on the latter aspect.
showed sinuous boundaries both in areas where lobate scarps were visible and in regions where they were not. [Fielder and Fielder, 1971; Schaber, 1973a, b] has led to the characterization of these features in the Mare Imbrium region. Photogrammetric measurements of the youngest flow scarps in the lmbrium basin indicate common average scarp heights of 30-35 m with a range of from 10 to 63 m [Schaber, 1973a, b] . The flow scarps there are related to a series of relatively young lava flows, which appear to have a common source in southwest Mare lmbrium near the crater Euler [Schaber, 1973a, b] . The oldest of these flow phases is also the most extensive, extending some 1200 km through the center of the basin and then extending westward into the region south of Sinus lridum. Lobate scarps are not associated with this phase, but the sinuous nature of the contact and its similarity to younger flow fronts exhibiting lobate scarps is revealed by the composite IR-UV enhanced color photographs of Whitaker [1972a] . The second phase extends over a distance of about 600 km from the source iation shown by sinuous contacts of the various phases of this flow sequence illustrates the problem of discussions of the distribution of these features, that is that they may disappear rapidly with age. The three phases are part of the youngest sequence of mare flows and are estimated to span the time interval between 2.5 and 3.0 b.y. [Schaber, 1973a, b] or perhaps even later [Boyce et al., 1974] . The variation in preservation of flow scarps may be related either to original variations in height (the older, more extensive flows being the thinnest and having lower scarps) or to age (the older flows having their scarps completely degraded by meteoritic impact and regolith formation). Since the regolith at the Apollo 12 site (basalt crystallization ages of about 3.2 b.y., Table 1 Recognition of flow fronts and boundaries, whether on the basis of scarps, albedo, or color boundaries, is important in the mapping of distribution, sequence, and style of mare fill. The cooling rates and petrologic characteristics of a narrow, thin, extensive lava flow may be quite different from those of a deeper, ponded lava lake. The relatively young Imbrium lava flows delineated by scarps and color boundaries [Schaber, 1973a, b; Whitaker, 1972 Whitaker, , 1973 seem to indicate that the latter stages of lmbrium basin mare fill were characterized by extensively elongated flows that emanated from a distinct source area at the basin edge. This style of mare deposition does not appear to be characteristic of all phases of mare fill, as will be discussed in a later section.
Analysis of high-resolution photography
Using morphometric data from these flows and considering viscosity and flow rates of lunar and terrestrial basalts, $chaber [1973a] has shown that the following are due to lower lunar gravity: (1) about 1.7 times greater flow thickness on the moon than on earth would be required to produce a given flow length; (2) flow lengths on the earth and the moon can be increased by 6 times on extremely small slopes with only a doubling of flow thickness; (3) on a slope of 1:1000 at a temperature of 1250øC the flow heights required for 200-km flow lengths are 30.6 m and for 300 km are 35 m, agreeing with the average for flows of phase three in Mare Imbrium. Schaber suggests that of the two factors influencing the formation of far-reaching lunar lava flows (low lunar melt viscosity and high rates of extrusion), the more significant factor appears to be large driving pressures at the vents associated with very high rates of extrusion (the result being increased flow heights).
Lunar lobate scarps represent mare lava flow fronts. Despite the fact that lunar flow front heights should be 1.7 times higher than analogous terrestrial flow fronts [Schaber, 1973a] , flow front scarps are not common. Obliteration by regolith formation can only account for the lack of small scarps, probably less than 5-15 m in height. Therefore it appears that the vast majority of mare lava flows were thinner than the 30-35 m average for the relatively young Imbrium flows. Brett [1975] has recently estimated the thicknesses of lunar mare cooling units by combining data on the kinetics of some chemical reactions with data on thermal conductivity and specific heats of lunar samples. Estimates for Apollo 11, Apollo 12, and Apollo 15 mare basalts indicated that they were derived from cooling units no thicker than 10 m, in apparent agreement with the photogeologic evidence.
Sinuous rilles. Another strikingly prominent feature associated with maria is meandering channels known as sinuous rilles. These generally range in width from tens of meters up to 3 km and in length from a few kilometers up to 300 km [Schubert et al., 1970] . Sinuous rilles are distinguished from other troughs of similar size on the moon by their complex meandering patterns. Linear and arcuate rilles often have similar cross sections but in general do not begin to approach the complex sinuous form of sinuous rilles. Linear and arcuate rilles are generally attributed to normal faulting because of their similarity to terrestrial grabens [Baldwin, 1971; McGill, 1971] . However, arcuate rilles and sinuous rilles of low sinuosity often appear to grade into each other, and this observation has led to the suggestion of a genetic relationship and a tectonic origin for some sinuous rilles [Lowman, 1969; Blodget et al., 1970] . A variety of planimetric shapes is shown by lunar sinuous rilles ranging from meander wavelengths of tens of kilometers to cutoff meanders, but quantitative analysis of planimetric characteristics has only recently begun [Oberbeck et al., 1972] . The quantitative analysis of rille planimetric shapes holds promise for the detailed comparison to terrestrial features and in the detection of controls on shapes between and within rilles on the lunar surface. Not all sinuous rilles are continuous, and many break up periodically into small segments or crater chains. Some sinuous rilles originate in elongate depressions, others in craters and near or on mare ridges. The cross-sectional shape also shows a wide variety, including V-shaped, U-shaped, flat floored, and nested (one rille occurring along the floor of another sinuous rille, Figure 4) .
Sinuous rilles occur dominantly in the maria but often originate in adjacent highlands and continue in the highlands for considerable distances. They sometimes terminate abruptly in the maria, merge into linear rilles, or most commonly become shallower until they are no longer detectable. The vast majority of lunar sinuous rilles are located on the earth-facing side of the moon along the edges of the major mare-filled basins or are concentrated in centers in Oceanus Procellarum [Schubert et al., 1970; Murray, 1971 low dome. The rille passes through a mare ridge and trends westward down the regional dip of the Marius Hills plateau, meandering between two dome complexes and terminating indistinctly in the mare plains. This rille illustrates three characteristics of sinuous rilles: (1) they usually follow regional slope, (2) they generally trend around major regional preexisting topographic obstacles, and (3) they often transect local topographic highs (such as mare ridges) without changing direction.
On The origin of sinuous rilles has always been a matter of considerable controversy, particularly prior to Apollo sample return missions. On the one hand, the sinuous nature of the channels argued strongly for a mode of origin associated with some type of fluid flow. Contenders included an origin by ash flow (nu6e ardente) erosion [Cameron, 1964] Considerable work has also been recently carried out on terrestrial volcanic analogs to lunar sinuous rilles (lava channels and tubes) and has resulted in a clearer picture of the significance of these structures on both the earth and the moon [Oberbeck et al., 1969; Greeley, 197 between lunar sinuous rilles and terrestrial lava tubes and channels is outlined by these authors. Major differences are as follows: (1) lunar rilles are larger than terrestrial channels by an order of magnitude, (2) lunar rilles can be much more sinuous than terrestrial channels/tubes, (3) some sinuous rilles appear to originate and extend in upland terrain before they join with the mare. In part, these differences are attributed to the lower viscosities of lunar lavas, lower densities at liquidus temperatures (the suggestion being that flow velocities are much higher), and lower thermal conductivity for lunar basalts [Murase and McBirney, 1970b] . These factors, combined with a lack of atmospheric convection, suggest slow cooling rates. Low lunar regional slopes may tend to favor meandering [Cruikshank and Wood, 1972] .
Lava erosion appears to be an important element in the formation of some sinuous rilles. Hulme [1973] has argued that many lunar flows are turbulent in nature, and since turbulent flow transfers heat to underlying material more efficiently than laminar flow does, subflow melting and erosion may be significant. Carr [1974] examined the possibility of lunar lava erosion by thermal incision and found erosion rates comparable to those seen terrestrially. Thermal incision and erosion appear to have operated to produce the sinuous channels leading from the uplands to the maria [Carr, 1974] . Initial channeling was probably enhanced by the incoherent nature of the lunar regolith. Similarly, the large size of many of the lunar sinuous rilles, when compared with terrestrial tubes and channels, appears to be at least partly due to thermal•rosion as outlined by Carr [1974] and Hulme [1973] .
Thus the majority of sinuous rilles are interpreted to be related in origin to lava channels, collapsed lava tubes, and to collapse along sinuous fissure vents. Thermal erosion has been an important factor in producing upland channels and in enlarging many more rilles [Carr, 1974] bium [Head, 1974a] . Low rim heights and albedo Similarity make it difficult to differentiate dark halo craters from background mare deposits, and so their exact number and significance is difficult to determine. The lack of abundant volatiles associated with returned lunar mare basalt samples, however, suggests that explosive volcanism is of less significance on the moon than in the terrestrial environment.
Examination of the morphology of the Alphonsus dark halo craters ( Figure 6 ) indicates that volatiles and explosive volcanism may have been locally significant [Head, 1975a] . AIphonsus KC crater has an associated 10-km-diameter dark halo. A minimum ejection velocity of 90 m/s is required for ballistic deposition of material at the edge of this halo (ejection angle of 45 ø). if ejection angles were higher, as they generally are in terrestrial eruptions, then even higher exit velocities would be required. These velocities are similar to the upper ranges known for terrestrial cinder cones and the lower ranges known for terrestrial maars and tuff rings. Samples of the orange soil collected at Apollo 17 (which is thought to be of pyroclastic origin ) are highly enriched in volatile elements .
Craters of possible volcanic origin. Wilhelms and McCauley [1971] have described a type of crater that is characterized by smooth rims, lack of pronounced terraces, and absence of satellitic craters and marked radial rim deposits. These craters range from 20 to 40 km in diameter, are generally circular in form, and for the most part appear to be of Imbrian age. DeHon [1971] has compared two of these craters, Sabine and Ritter, to terrestrial calderas and suggested that they represent lunar resurgent cauldrons. It should be noted, however, that many of these craters (such as Sabine and Ritter) occur associated with or at the edge of mare deposits. In many cases the absence of secondary craters is easily explained by post-crater flooding of mare material up to the base of the continuous ejecta deposit (which also is marked by a change in slope).
Intrusion of mare material into the crater floor could cause modification of floor morphology by structural deformation and flooding [Schultz, 1974] . This clearly appears to be the sequence of events in many premare or synmare craters such as The age span of returned mare basalts is summarized in Figure 12 . A summary classification of mare rock types based on chemistry and mineralogy [Taylor, 1975] is presented in Table 3 . Since some basalt clasts are found in Apollo 14 breccias (with ages of about 3.9 b.y., Table l), the onset of mare deposition may have predated the formation of the Imbrium basin. At any rate, the time span indicated by the samples returned from the maria (Figure 12) illustrates not a short period of intense volcanism but rather an extended period of surface volcanic activity at least equivalent in length of time to the Phanerozoic (Cambrian to Recent) on earth.
Characteristics and Ages of Other Mare Deposits
Determination of characteristics of mare deposits away from the landing sites. Extensive mapping of the maria was carried out prior to the return of lunar samples. Mare units were distinguished on the basis of their albedo, surface morphology, and crater density [Wilhelms, 1970; Wilhelms and McCauley, 1971; Mutch, 1972] . Occasionally, radar data from earth-based observations were utilized Thompson, 1974] , as was the thermal IR response of the surfaces [Shorthill, 1973] and their spectral characteristics [Whitaker, 1972a; . However, from the regional geologic mapping standpoint, there was little information on the composition of the mare units at this time [Wilhelms, 1970] . The Apollo missions changed this situation in several dramatic ways. First, the returned samples provided detailed compositional information for a few points and units on the moon. Secondly, laboratory analysis of the samples enabled sample spectra and telescopic spectra to be compared so that telescopic spectra from other areas of the moon could be more readily interpreted [Adams and McCord, 1970] . Thirdly, detailed investigation of the lunar surface characteristics (roughness, block size distribution, etc.) and laboratory analysis of the physical propel'ties of the materials has increased knowledge Determination of the ages of mare deposits away from the landing sites. Prior to Apollo sample return, relative ages of mare deposits were primarily determined from superposition relationships, crispness of surface features, and surface crater densities [Wilhelms, 1970] . States of crater degradation for large craters [Pohn and Offield, 1970; Offield and Pohn, 1970] and small craters [Trask, 1970; Soderblom and Lebofsky, 1972] provided additional relative age data over wider regions. Absolute ages were often estimated by tying surface crater densities into various estimates of lunar flux history [Hartmann, 1970; Gault, 1970] . Assumptions about the variations of surface albedo with time also played an important, but generally unstated, role in the relative age assignments of mare units. In most of the U.S.G.S. geologic maps and map explanations, there is an implicit assumption that low-albedo mare units were relatively younger than high-albedo units. This inference apparently was based on two factors: (1) albedos of surface units converged with time to a uniform albedo through surface homogenization processes, and (2) (Table 1) . Surfaces of spectrally similar 'red' units [Whitaker, 1972a] 3. There is a correlation on the near side between age of basin and depth of mare fill (Figure 14) [Head, 1975c] This distribution suggests that this early phase of T-type mare covers about 500,000 km 2 in the eastern half of the moon, about twice its present surface exposure [Head, 1974a] . Units similar to this old T-type mare are not exposed in most of the western portion of the moon. It does not appear that they were formed earlier and then covered, because in places like Mare Humorurn the earliest mare deposits that ring the basin are generally younger and not of this spectral type . However, some early T-type mare flooding in the western portion of the moon that has been covered by later deposits cannot be totally ruled out. 2. A 'red' phase, designated S-type, flooded Serenitatis, Fecunditatis, and large areas of the•central and western maria in the middle and late Imbrian Period (from about 3.5 to 3.0 b.y. ago) (Figures 13 and 15) . The second phase of mare fill dominates the surface history of many of the circular basins, including Serenitatis, lrnbrium, and Humorum, and is widespread in parts of Procellarum. These deposits have a lower relative reflectance in the blue than T-type mare, are less titanium-rich, being similar to Apollo 12 basalts, and are designated S-types for a type area in the Serenitatis basin. Figure 16 . Greeley [1975] suggests that basins were initially filled with flood-type bhsalts, which were often followed by more sporadic eruptions. Impact crater related mechanisms appear to be primarily responsible for production of plains surfaces [Oberbeck et al., , 1974 [Oberbeck et al., , 1975 Head, 1974d Head, , 1975b . Similarly, the domes and elongate ridges and furrows have also been shown to b,e associated with the major multiringed basin deposits [Hodges, 1972b; Head, , 1974b Schultz and Gault, 1975] . Thus a large number of deposits previously interpreted to be related to highland volcanism now appear instead to be related to ejecta deposits and effects from craters and multiringed basins [Wilshire et al., 1974] . The massive and far-reaching sedimentary and seismic influence of multiringed basins is only now being fully appreciated. [Head, 1975c] indicate that most positive morphologic features would be obliterated very rapidly. Morphologic evidence of highland volcanism would therefore be extremely difficult to find because it would be destroyed almost as quickly as it was produced. Therefore evidence for lunar highland volcanism may only emerge through the petrologic examination of breccia clasts. However, a major petrologic problem is the ability to distinguish primary volcanic textures from rocks crystallized from impact melts. [Taylor, 1975] (Table 4) . These groupings are primarily derived from major element analyses of soils and breccia clasts, and few of these rocks contain original textural information. On the basis of the present level of understanding of highland petrogenesis, it is unknown whether any of these rock types represent extrusive volcanic deposits, although volcanism must have played a role in early crustal differentiation. Just as cratering has played an important role in degrading the highland surface and destroying potential evidence of highland volcanism, so has it been important in the genesis and modification of highland rock types [Phinney et al., 1976; James, 1976 ].
Characterization of Other Highland

SUMMARY OF LUNAR VOLCANISM
Although there is geochemical and petrologic evidence for highland volcanism, there is little unequivocal morphologic evidence, particularly in the post-multiringed basin period of lunar history (<3.9 b.y.). It is believed that the early intense bombardment of the highlands surface destroyed any morphologic evidence of highland volcanism that might have existed in early lunar history. Morphologic evidence for premare volcanism is found primarily in the form of spectrally distinct domes [Whitaker, 1972a; Malin, 1974] . Evidence for highland volcanism is most likely to be recorded in highland breccia Impact melting does not appear to have been a factor in the generation of mare lavas, since the large basins predate the majority of mare deposits by tens to hundreds of millions of years, and since it appears impossible to derive mare lavas from materials of lunar crustal composition [Taylor, 1975] .
In general, the rocks returned by the Apollo and Luna missions appear to represent several of the major basaltic compositional rock types, as far as can be determined by remote sensing techniques. However, detailed spectra are not yet available for the far side and much of the near side. Studies presently in progress show a diversity of rock types, many of which were not sampled by Apollo or Luna . High-titanium mare basalt units in Imbrium and Oceanus Procellarum are the youngest mare deposits on the moon and were not sampled directly by Apollo or Luna missions. These young deposits have important implications for source regions, perhaps implying either that melting re, turned to the level of shallow (•100 km) ilmenite-bearing cumulates late in lunar magmatic history or that these types of source regions may exist at greater depths.
Morphologic characteristics of mare features, petrologic characteristics, scale of deposits, and age information suggest that lunar mare volcanism was characterized by massive outpouring of very fluid volatile-poor lava analogous to terrestrial flood basalts. This took place over a period of about 1.3 b.y. On the basis of consideration of the hydrostatics of mare fill, Solomon [1975] has suggested that early mare lavas would rise only to the level of the floor of the largest near side basins. With time, hydrostatic head increased, and basaltic lavas rose to progressively higher levels in the crust, covering the earlier deposits. Lunar far side mare deposits are generally concentrated in old basins (Figures la and lb) . A thicker far side crust may have prohibited extensive development of maria even in the deepest of far side impact basins and is perhaps responsible for the distinctive near side-far side asymmetry of mare deposits.
Individual mare basins had a history of filling largely determined by basin geometry. Old degraded basins (Tranquillitatis, Fecunditatis) exhibit shallow mare fill of generally similar composition. More detailed analysis invariably shows a complex array of subunits illustrating a complex process of filling. Younger basins (Imbrium, Humorum, Serenitatis) exhibit this style of initial fill but also display extensive younger surface flows and deposits that often originate along basin margins and tend to flood basin interiors to varying degrees. The process of filling of mare basins took place over extensive periods of time and produced complex deposits. There is some evidence [Greeley, 1975] that early mare deposits tended to be of flood basalt-type while later deposits appeared more related to Hawaiian-type eruptions (see Table  2 ). There is no evidence that a mare lava lake on the scale of a major mare basin ever existed on the moon. Small deposits of young lava-like material associated with Copernican age eraters appear to be impact melt [Howard and Wilshire, 1975] rather than internally derived magma [Strom and Fielder, 1970] , although minor amounts of melt may possibly be generated by melting induced by viscous creep within large young craters [Hulme, 1974] .
Lunar mare deposits are generally thin, the major expanses being less than about 2 km in thickness and approaching 6-to 8-km thickness locally in the center of the young mare basins (Imbrium, Serenitatis). Mascons appear to be related in large part to mare deposits emplaced on a crustal platform. However, the excess mass seen in several ringed basins is equal to disc-shaped bodies with thicknesses exceeding estimates from photogeologic relationships. This relationship, together with the presence of a mascon in the sparsely filled Orientale basin, suggests that mascons may be due to a combination of mare fill and crust-mantle boundary irregularities. On the basis of volume estimates, that portion of lunar mare deposits emplaced on the surface of the moon represents only a very small percentage of the total volume of the lunar crust (much less than 1%).
